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I. INTRODUCTION

The development of a permanent reusable fuel-air-
explosive (FAE) blast facility would greatly facilitate the
simulation of free-~air blast waves from nuclear events for
yields as high as 1 KT. The work reported herein was per-
formed for the purpose of investigating the feasibility of
such an FAE blast simulator.

The technical program was divided into two phases.
The objective of Phase I was to demonstrate the use of FAE
for simulating nuclear blast waves. To accomplish this
objective, a test facility was developed for small-scale fuel
¢issemination and detonation experiments. The facility con-
sisted of a fuel dispenser with a hemispherical nozzle head
which was pressurized to force fuel through nozzles to form
9.1-m (30-£ft) diameter hemispherical FAE clouds. After suf-
ficient delay for fuel-air mixing, the clouds were detonated.
The test pad was instrumented with gauges for measuring both
side-on {static) and stagnation pressures, These gauges,
together with high-speed photography, provided sufficient data
to determine cloud detonability, cloud symmetry, and detonation
efficiency. The blast waveforms generated in this manner
were scaled and compared with nuclear blast wave data. The
agreement between the FAE data and the nuclear data indicated
that the use of FAE as a nuclear blast wave simulator is indeed
feasible, at least on the small scale.

The Phase II portion of the program involved investi-
gating the feasibility and practicability of a reusable FAE
blast facility. This program phase was more engineering
oriented than was the Phase I portion and dealt with various
problem areas associated with the development and operation of
an actual blast facility including hardware configuration, fuel
dispersal techniques, initiation and cloud detonation, fuel
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efficiency, repeatability, safety, and construction and life-
cycle costs. While all of these facility-oriented problems
were addressed to some degree, the Phase I portion of the
program received greater emphasis during the performance of
the contract,.

Section II of this report contains a general discussion
of FAE blast simulation, The specific FAE blast simulator
concept under study is then presented in Section III. 1In
Section IV the technical program for determining the feasibility
of the FAE blast simulator is discussed in detail and specific
areas of investigation in both the Phase-I and Phase-II portions
of the program are outlined, 1In Section V the FAE test facility
is described in detail, the test program is outlined, and re-
sults from the experimental program are presented and discussed.
In Section VI scaling laws and FAE-nuclear equivalences are
discussed, followed by a comparison of scaled@ FAE experimental
results with nuclear data in Section VII., Details of the
proposed full-scale simulator are then described in Section VIII
and Section IX presents conclusions and recommendations.

While several problems remain to be solved, the results
of this study indicate that it is possible to scale the fuel
dispensers to a size éufficient to disseminate fuel into 160-m
(524-ft) diameter hemispherical clouds, which should be sufficient
to simulate nuclear blasts for yields up to 1 KT,

The advantages of such a blast facility include: the
absence of cratering, ejecta and significant ground shock:
a short turnaround time between blast wave experiments; and
relatively lower costs per experiment when compared with
other means of blast simulation, These advantages, along with
results from the feasibility study, lead to our recommendation
for continued developmental work towards the construction
of a large-scale FAE blast simulator. The existence of such

"
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a simulator should greatly enhance the state-of-the-art of
blast wave simulation and provide a means for accelerating
our knowledge of blast wave-structural interactions.
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II. FAE BLAST SIMULATION

Prior to the current effort, there existed scme indi-
cation that FAE could be used for nuclear blast simulation.
Comparisons between nuclear data and existing FAE data, both
experimental and theoretical, had been made and generally
reasonable agreement between the nuclear and FAE data was noted.
Since the data used in these comparisons were generated under
various programs, none of which had as an objective the com-
parison of FAE and nuclear blast wave data, the detailed
comparisons needed to determine the feasibility of FAE as a
nuclear blast simulator were not available. This lackx of
detailed information gave rise to the Phase-I portion of the
current program, the objective of which was to perform experi-
ments for the specific purpose of collecting sufficient data
to determine the feasibility of FAE for nuclear blast simulation.
In this section, FAE blast simulation is discussed in general
and some of the background which led to the formulation of

the Phase-I portion of the current program is presented,

Figure 1 is a plot of static overpressure versus
range in which experimental FAE data obtained at the Naval
Weapons Center have been scaled according to the "cube-root
law." The scale factor applied to the range was the cube
root of the ratio of the energy yield of an FAE cloud equivalent
to @ 1-KT nuclear yield to the yield of the FAE cloud tested.
These scaled FAE data are then compared with the static over-
pressure range curve from a 1-KT nuclear shot. It is seen in
Figure 1 that while there is some scatter in the FAE data,
agreement with the nuclear curve is generally good., An
additional point is plotted on the curve in Figure 1 from an
FAE finite difference calculation involving the detonation
of an ideal hemispherical cloud formed from 136,000 kg
{300,000 1lb) of propylene oxide homogeneously mixed with air
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Tigure 1, Peak overpressure as a function of rance frem a
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and initiated at the center. It.is seen in the figure that
agreement between the calculation and both the FAE and nuclear
data is good.

In order to simulate nuclear blast phenomena, however,
it is necessary that the waveform, i.e., static overpressure as
a function of time at a given range, be in agreement with similar
data from a nuclear blast, Figure 2 is a plot of the blast
waveform from a 1-KT nuclear event at a range of 113 m (370 ft).
The peak static overpressure at that range is 0.68 MPa (100 vsi).
The FAE finite difference calculation predicted a value of that
peak overpressure at a range of 105 m (345 ft). The calculated
FAE blast waveform at that range is also shown in Figure 2,
It is seen that agreement between the FAE and nuclear waveforms
is reasonable, especially since the nuclear curve, whicﬁ was
generated by Brode's equation[ll, predicts a slightly lower value

of pressure in this pressure range.

If indeed the peak pressure and blast waveforms from
an FAE blast of given weight of fuel and a given range agree
with similar blast waveforms from a nuclear event of given
yield and given range, the question that remains to be answered
in order to use FAE as a simulator is: What is the nature of
the transformation ffom the FAE data to the nuclear data?
Thus, a curve such as the one shown in Figure 3, relating the
scaled range, r, on the blast simulator using a yield, W, to
the scaled range, R, of a nuclear event of yield, Y, must be
generated. Such a curve is the locus of all points for which
the FAE and nuclear blast waveforms are in good agreement.
Once such a curve is established, it will be possible to
simulate the blast waveform at a range, R, from a nuclear event

of yield, Y, by locating on Figure 3 the ordinate, z, = r/wl/3

which corresponds to the scaled range, ZO = R/Yl/3.
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Figure 3.
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Schematic indicating a possible curve relating
scaled nuclear data to scaled FAE data. The
curve is the locus of all points at which the
nuclear and FAE blast waveforms and impulses
are in good agreement. The dashed portion of
the curve is currently unknown; however, it is
expected that at long ranges the curve should
asymptotically approach a straight line.

10




Any value of zg for which the curve is valié, gives a
combination of fuel weight and range on the blast simulator
pad that simulates the nuclear blast waveform of interest.
Gauges and test structures could then be placed at that range
on the pad, To facilitate the simulation process, a computer
program could be developed to provide the dynamic gquantities
of interest at that range. These quantities would include
the peak pressures, the waveform and the static and dvnamic
impulses associated with the nuclear ewvént, as well as similar

quantities from scaled FAE calculations and experimental data.

A procedure has been outlined for generatinc the FAE
scaled nuclear range curve shown in Figure 3, A simple computer
program has been developed following the flowchart shown in
Figure 4. It will generate both the FAE-nuclear scaled range
curve as well as the predicted and measured FAE blast waveforms
and nuclear blast data for the specific value of z, of interest.
As seen in the flowchart, a given range, s is chosen and plots
of peak static overpressure and impulse from an FAE experiment
involving a yield, Wo, are plotted at that range. From digi-
tized nuclear blast data involving peak pressures within, say,
ten percent of the measured peak pressure, values of scaled
range as well as scaled pressure-time histories and impulses
are generated. Statistical methods are then employed to select
the particular set of scaled nuclear curves that are in best
agreement with the FAE blast data. The value of the scaled
nuclear range associated with the best set of scaled nuclear
curves is then plotted versus the scaled FAE range to give
a single point on the FAE-nuclear scaled range curve (Figure 3}.
The process is then repeated until a sufficient number of ranges
has been selected to provide a complete curve. As new experi-
mental data are gathered, the data base stored in the computer
program can be expanded and a more accurate FAE-nuclear
scaled range curve can be obtained. In addition, the data
base containing the theoretical FAE blast waveforms, as well

11
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Given: (1)

(2)

The

range, !'il

Static overpressure and imoulse histor:es
Pi(t) and Ii(t) at ranges, r., from an
FAE experiment of yield, W.

Static overpressure and impulse histories
" (Z,t) and bl (z,t) Jor all scaled ranges
z = R/".'l/3 from nuclear data.

£ollowing procedure, applied to a particular FAE

determines one point on the curve in Figure 3.

Locate the scaled nuclear range

Coapl/3
Zo10y = R

at which the peak static pressure 1is
10% below that recorded at T in the
experiment,

i

Locate the scaled nuclear range

z 3
+10% R,

at which the peak static pressure is
10% above that recorded at L in the
experiment.

T

In the interval (2_,4, % 2 % Z.;4.) locate
the value of Z for which the static pres-
sure and impulse agree best between the
scaled experimental and nuclear data. (A
least-sguares criterion can be used in making
this judgment.} The abcissa, Z = R/Yl/3 and
the ordinate, z = ri/'wl/3 then define one
point on the curve in Figure 3.

Figure 4, Flo
cur
sca

T W R e T aggpmes s S W e b

wchart outlining the procedure for generating the
ve of Figure 3 for relating scaled FAE ranges to
led nuclear ranges.
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as the nuclear bhlast waveform data, can also be exganded so
that eventually the program will be a toocl that can ve used
in conjunction with the final blast wave facility to provide
the user with the necessary data for desigring blast wave-

structural interaction tests.
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III. FAE BLAST SIMULATOR CONCEPT

The blast simulator concept under investigation here
involves the use of a central fuel dispenser made up of several
pressurized dispenser units which will disseminate fuel throuch
nozzle heads into hemispherical clouds 160 m (524 ft) in diameter.
A sketch of the proposed simulator is shown in Figure 5. Each
dispenser unit must be capable of projecting the fuel out to
an 80-m (262-ft) reach and £ill a solid angle cf the hemispherical
cloud. It is envisioned that propeilants will be used to
pressurize the dispensers and that the pressure will be tailored

to fill the desired volume.

It is anticipated that the full-scale facility will
consist of a cluster of dispenser units each having a capacity
of approximately 3,000 kg (6608 1lbs) of fuel for a total facility
capability of 119,000 kg (262,000 1b) of fuel. These dispenser
units will be below ground so that the nozzle heads will be
close to the ground surface. The cluster of dispenser units
is expected to be approximately 18.3 m (60 ft) in depth and
about 4.6 m (15 ft) in radius. The radius of the dispenser is,
therefore, small compared to the radius of the FAE cloud and the
dispenser can thus be considered a point disseminator.

The full-scale blast simulator facility will be
instrumented with pressure gauges located at various ranges
both inside and outside the cloud radius. These gauges will
measure both side~on and stagnation pressures. In addition,
several high-speed cameras will be placed at various locations
in order to get a relative measure of detonation efficiency.

To design a blast wave simulation test on an actual
structure, the user must first choose the yield of the nuclear
blast being simulated and the range from that blast at which
he wishes to place the structure. The FAE-nuclear scaled

ey, TUETT WISt g YN L W STl Mes e e e e
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160 m (524 ft) - |

GRCUND
SURFACE

12.3 m (62 ft)

|
| DISPENSER ARRAY

.

9.14 m (397 £t)

Figure 5. Schematic diagram showing clustered array of
fuel dispensers for disseminating a 160-m
(524-ft) diameter fuel-air explosive cloud.
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range curve of Figure 3 will then provide the user with the
scaled range at which the structure must be placed on the
blast simulator pad. A computer program will be available
to provide the user with the expected static overpressure
time curve at that scaled range.

The details of the proposed full-scale blast wave
simulator will be discussed in greater detail in Section VIII.

16
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IV, TECHNICAL PROGRAM

The technical program that was outlined to perform the
feasibility investigation of the particular full-scale blast
wave simulator concept discussed in the last section has been
divided into two phases. The objective of the Phase-I portion
of the program was to investicate the feasibility of using FAE
as a nuclear blast simulator. To demonstrate this feasibility,
a small-scale fuel disseminator facility was develeoped. This
facilitv was used to disseminate fuel, detonate the resulting
FAE clouds and measure pressure-time histories at various
ranges. Both side-on and stagnation pressures were measured
at various ranges from the center of the facilitv, and the
following blast wave quantitites were either directly measured

or determined from the measured values:

™ P(t)
e Pmax(r)
t+
I = P d
™ b (t) dt
o

e I = g(t) dt
o

where P is static overpressure, o is mass density, u is particle
velocity, g is dynamic pressure and Ip and Iq are respectively
the positive phase static and dynamic impulses.

17
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The Phase~II portion of the program involves investi-
gating to some degree the following engineering-oriented aspects
of the proposed blast simulator:

e Facility hardware configuration
® Fuel dispersal techniques

e Initiation/detonation

e Fuel efficiency and safety

® Repeatability

e Construction and life-cycle costs

In addition to the above considerations, the guestion
of scaling to the large-scale blast facility must also be
addressed. While it is known that the blast waveforms from two
clouds similar in shape will scale according to the cube-root
law, i.e., the ratio of the yields to the one-third power, the
scaling laws governing the dissemination process are not
completely understood, Thus, even if the snall-scale blast
simulator demonstrates the feasibility of using FAE to simulate
nuclear blast wave phenomena, it must be shown that the proposed
full-scale blast simulator concept can indeed disseminate fuel
into a homogeneous détonable cloud of 80~m (262-ft) radius.

As part of Phase II, therefore, several single nozzle tests
were performed in which both water and propylene oxide were
disseminated to determine the extent of the plume formed.

The results to date of the single-nozzle tests will be dis-
cussed in Section V,

18
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V. EXPERIMENTAL INVESTIGATION

5.1 U-TUBE TEST FACILITY

In order to measure the pressure-time histories from
FAE klast waves, an experimental test facility was developed
for the purpcse of disseminating 22.7 kg (50 1lb) of propvlene
oxide fuel into a 9.1-m (30-ft) diameter hemispherical fuel-
air cloud. The facility involves a U-tube with a nozzle head
on one leg and a pressure supply on the other. As shewn in
Figure 6, the pressure supply end of the U-tube contains water
which when pressurized drives a piston and forces fuel throuch
the nozzle head to form the fuel-air cloud. Figure 7 is a
photograph of the facility showing both the nozzle end anrd
pressurized end of the U-tube. 2 typical nozzle head for
disseminating hemispherical fuel-air clouds is shown and is
composed of an 8-inch diameter hemispherical shell having
a thickness of 7.9 mm (0.31 in). Originally, €05 2.4-rm
(3/32~in) diameter holes were drilled in the nozzle head shown.
During the course of the investication, however, it was found
that a more nearly hemispherical cloud could be formed if the
holes near the center of the nozzle were larger than those

near the periphery.

A plan view of the test pad is shown in Figure 8. The
location of the nozzle head is shown along with the diameter
of an FAE cloud that is formed from 22.7 kg (50 1lb) of propylene
oxide. Two perpendicular rows of pressure gauges were used
in the series of experiments and are shown on the diagram of
Figure 8. The short leg, S, haé four gauges at 3.0, 9.1, 12.2
and 18.3 m (10, 30, 40 and 60 ft) from the nozzle head. The long
leg, L, has four gauges located at 6.1, 12.2, 24.4 and 48.8 m
(20, 40, 80 and 150 ft). So as to be consistent with previously
established terminology, these cauge locations are denoted by
S10, S30, S40 and S60 on the short leg and L20, L40, L80 and L160

19
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Figure 6.

Schematic diagram showing the U-tube used in the
experimental investigation for disseminating
hemispherical fuel-air explosive clouds. One
leg of the U-tube was pressurized in order to

force the fuel through a nozzle head attached
to the other leg of the U-tube.
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Figure 7.

Photograph of the U-tube showing the nozzle head
used for disseminating hemispherical FAE clouds.
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FAE Cloud
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Figure 8. Plan View of the test pad showing the two
perpendicular pressure gauge arrays and the
line of sight of the Fastax camera.
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on the long leg. The two gauges lccated at equal ranges iz the
two legs, S-4C and L-40, were included for the purpose c¢f deter-
mining the decrec of blastwave symmetry achievaple with the
present system. The side-on pressure, as a function of tine,
was measured at all gauge locations. In some of the experimencts.
additional gauges were included for measuring the stagnation
pressure. The dynamic pressure can be determined if beth the
side-on pressure and the stagnation pressure at a given range areo
known. The Fastax camera is located in the gquadrant between the
two perpendicular gauge lines at an angle of 59° from the shorct-
gauge leg and is at a range of 79.2 m (260 ft) from the nozzle
head.

The photegraph of Figure 9, which was *akern from an
area near the Fastax camera station, shows the elevation view
of the test pad. The U-tube, most of which is buried underground
is shown at the center of the photc. The nozzle head is clearly
visible., The twc uprights are located 1.6 m (15 ft) from the
center of the nozzle head, The graduation marks on the uprights
are 1.5-m (5-ft) avart and the uprights themselves are 4.6-m
(15-ft) high. The sign in the foreground indicates the date
and number of the test and the rectangular sheet in the back-
:des a means for determining the relative transvarency
etcrated preoducts, which is an indication of the
eff.ciecy »f the detonation process. The actual vantage point
of the Fastax camera was such that the sign, the nozzle heagd,

and tre recrtargular sheet were in line with the camera.

Figure 10 is a still photograph showing the configur-
ation of a cloud formed when water is disseminated through the
nozzle head at a pressure of about 0.8 MPa (100 psi). It i=z
seen that a very nearly hemispherical cloud is formed with
approximately a 4.6-m (15-ft) radius. For comparison, Figure 11
is a single frame enlargement taken from a Fastax movie and
shows the early time configuration of a propylene oxide/air
cloud formed in a manner similar to the water cloud. The
different physical properties caused the cloud formation

process to be somewhat different from that for water

23

1




M g

Figure 9,

-
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[

Photograph showing the elevation view of :he

test pad. The nozzle head can be seen in the
center of the photograph and the graduated
uprights are positioned a distance of 4.57 m

(15 ft) on either side of the nozzle head. The
separation between the graduation marks on the
uprights is 1.52 m (5.0 ft). The numbered sign in
the foreground identifies the particular shot.

A Cellotex sheet was placed in the background for
the purpose of determining _he relative trans-
parency of the detonated products, a measure of
the detonation efficiency.
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Fiqure 10.

A still photograph showing water being disseminated
through the hemispherical nozzle head.
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Figure 11.

P
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Photograph taken from Fastax movie of propylene
oxide being disseminated from the hemispherical
nozzle head. The shape of the cloud being formed

led to a decision to design the nozzle head with
larger diameter holes near the axis of symmetry

and smaller diameter holes near the nozzle head

periphery. Such a design gave a more hemispheri-
cally shaped cloud.
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dissemination. It is believed that the vapor pressure of the
propylene oxide is such that vaporization takes place at an
early stage in the disseminatiorn process, thus causing the
visible cloud shape to be somewhat non-hemispherical. The
apparent cloud-£flattening was enhanced by fuel evaporation
near the top of the cloud. Fastax movies indicated that the
detonable cloud had an elliptical shape. In an effort to
offset the cloud-flattening effect, the distribution of holes
in the nozzle head was changed by plugging up selected holes
in the bottom rows to enrich the central, more nearly vertical
section of the cloud. The results indicated that the effective
number of holes and their size distribution as a function of
polar angle had a pronounced effect on the resulting cloud
shape. By redrilling the dome with a better hole location and
size distribution (larger diameter holes near the top), satis-
factory (nearly hemispherical) spray patterns were achieved.
In the final configuration, the holes were 3,302 mm (0.13 in)
in diameter at the center of the nozzle head and their density
and diameter decreased smoothly to 2.70~mm (0.106~in) diameter
at the periphery. Figure 12 is a series of four frames from

a Fastax movie showing cloud growth for a typical propylene
oxide dissemination experiment usinc the final nozzle design.
Figure 13, which shows two Fastax movie frames near the end of
the detonation of the cloud shown in Figure 12, indicates that

the detonable cloud is very nearly hemispherical.

5.2 FAE TEST PROCRAM

The test program was divided into three parts. The
first series of tests were oriented toward the design of the
U-tube test facility. The second series involved the use of
the U-tube facility to disseminate FAE into hemispherical clouds
which were subsequently detonated, 1In this series of tests,
static and stagnation pressures were measured at various ranges
and Fastax cameras were used to record detonation velocity.

27
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Figure 13.

Two frames from a Fastax movie of the final
stages of detonation of a hemispherical FAE
cloud. The extent of the detonable portion
of the cloud is easily identifiable and is
seen to be hemispherical in nature.
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The final series of tests involved the dissemination of
water and fuel from single nozzles in an attempt to determine

the feasibility of scaling to the full-sized test facility,

5.2.1 U~-Tube Design Tests

The details of the U-tube cdesign ta2sts will not be
presented here since the object of these tests was simply to
develop a U-tube facility that would adequately disseminate
22.7 kg (50 1lb) of propylene oxide into hemispherical,
detonable F2AE clouds. The series of design tests that were
performed resulted in the achievement of that obiective. The
various parameters that were investigated during the design
test series along with the ranges of those parameters are

provided in the following list:
e Driving pressure, 0,27 - 2.04 MPa (40 = 300 psi)
e Fuel weight, 0,91 - 2.27 kg (2 - 50 1b)
e Spray angles, 6° - 180°
e Total nozzle area in head, 1.3 - 45 cm2 (0.2 - 7.0 in2)
e Nozzle, L/D (length to diameter) 1 - 5
e Number of nozzles in array, 63 - 1,200
e Delay time, 300 - 1,500 ms
e De*tonator mass, 25 - 100 ¢
e Height of detonator, 0.46 - 4.6 m (1.5 - 15 £t)
e Ambient temperature, 7 - 32°C (45 - 90°F)

e Wind velocity, 0 - 5.1 m/s (0 - 10 knots)

These tests led to the following design decisions.
The required U-tube driving pressure for forming a 9.l1-m (30-ft)
diameter hemispherical propylene oxide cloud was of the order

of 0.68 MPa (100 psi). The amount of propylene oxide required
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to fill this volume in the proper Ifueli-zir mix:ture :g 22.2 kg
(49 1b) and the nozzle heads usecd for fuel disseminat:on
consisted of 20.32-cm (8.0-in) diameter aluminum domes made
from eitner 1,5-mm (0.06-in) or 7.9-mm (9.31-in) thick aluminum
with approximately 600 3.2-mm (l1/8-in) or 2.%-mm (0.114-in)
diameter holes., In one of the cdesizned nozzle heads, the hole
size varied freom 3.3 mm (0.13 in) irn diameter at the center of

the nozzle to 2.7 mm (0.106 i1n) in diameter at the periphery.

5.2.2 FPAE Blast Wave Measurements

After the U~tube facility si

e
1]

$9]

n tests were completed,

the facility was used to perform a2 series of dissemination

e

and detonation tests in which pressure-time histories at
various locations were measured. Gauces were inrstalled on the
facility to record both side-on and stagnation pressures at
various ranges, Figure 14 shows a series of overpressure versus
time waveforms that were direct readouts from the eight-channel
recorder. The numbers on the left side of the chart are the
gauge location designations, As indicated earlier, the letter
S denotes the short-gauge leg and the letter L the long-gauge
leg. 1In addition, the notation, LT, indicates stagnation or
total pressure for the long-gauge leg. The location of these
gauges is shown in Figure 8 which gives a plan view of the FAE

test pad facility.

In Figure 14, the time (abscissa) has a constant calibra-
tion factor: 1.0 cm (0.394 in.) (vertical line) equals 1 ms. Each
overpressure (ordinate) on this recording has its own calibration
factor as shown in Table I. It should be noted that, whereas
the recorder operates at a constant speed and therefore the
cm-to-time conversion does not change, the cm-to-pressure
conversion factors occasionally change between shots as gauges
are recalibrated or replaced. The gauge readings shown in
Figure 14 are from shot number 1, 0800, Tuesday, 18 October 1977,
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The numbers identify

the location in distance of the gauge with respect to
The short leg gauge records are in-

verted in order to plot all gauge readings on a single

chart.

The letters S and L refer to the short
The gauge calibration factors are

Typical pressure gauge readings from an FAE detonation
and long gauge leg respectively.

the nozzle head.
shown in Table I.

experiment.

Figure 14.
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Table I. Gauge Calibration Factors for
Shot No. 1, 0800 Tuesday,.
18 October 1977
Calibration Factors
Gauge
MPa/cm psi/in
S10 0.3348 125.00
S30 0.0670 25,00
|
S60 0.0339 | 12.67
LT40 0.,0497 18.57
LS80 Nn.0160 5.97
L40 0.0287 10.72
L20 0.3501 130.72
33
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which involved 22.2 kg (49 lb) of propylene oxide disseminated
through a hemispherical nozzle head. Tre blast waveforms from
the gauges in the short leg are shown inverted on the chart.

The overpressure time data in several of the tests
were digitized and stored on computer tape so that the data
could easily be scaled and plotted for comparison with nuclear
blast wave data. Such compariscons are shown in the next

section.

It was important in this series of tests *c also cdemon-
strate that the blast wave data generated bv the facilitvy were
both repeatable and symmetric. Figure 15 is a plot of peak static
overpressure as a function of range involving measurements from
three separate experiments. The letters S and L in he figure
represent the short and long gauge legs, respectively. The
gauge legs were positioned 90° apart so that cloud symmetry
could also be investigated. It is seen that with the exception
of one gauge (L20) there is verv little scatter in the peak
pressures between shots indicating good repeatability in those
quantities. Figure 16 is a plot showing total static impulse
at each gauge location plotted as a function of range. Again,
it is seen that there is very little scatter between shots.
Also, since the peak static overpressures and total impulses
obtained at the perpendicular gauge locations lie very close
to a single curve (with the exception of L20), indications are
that good cloud symmetry has been obtained. The following two
subsections are devoted to a detailed investigation of the
degree of blast wave repeatability and symmetry attainable with
the U-tube facility.

5.2.2.1 Blastwave Repeatability

The curves in Figure 17 through 20 are shown to demon-
strate the degree of blast wave repeatability attainable with
the U-tube facility. In Figure 17, the measured static over-
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Figure 15.

Rance (m)

Plot of measured peak static overpressure versus
range for three different experiments. The fact
that most of the pressures lie very close to a
smooth curve indicates that repeatability between
experiments is good. In addition, since the gauges
labeled L and S were separated by 90 degrees the
curve indicates that a high degree of symmetry was
attained. An additional gauge, S-44, at a range of
13,4 m (44 ft) was included in two of the experi-
ments
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Figure 16. Plot of maximum positive phase impulse versus
range for three different experiments. Again
it is seen that the points are close to a
single curve indicating good repeatability and
since the I and S gauge locations were separated
by 90 degrees, good cloud symmetry is implied.
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Static Overpressure (MEa)

.12

17.

Time {(ms)

Plot of measured static overpressure as a
function of time at the 12.2-m (L40 £t) station
from three separate experiments.
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Stagnation Overpressure (MPa)
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Figure 18.
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Plot of measured stagnation overpressure as a
function of time at the 12.2~m (L-40 ft) station
from three separate experiments.
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Static Overpressure (MPa)

Figure 19.
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Plot of measured static overpressure as a

function of time at the 24.4-m (80-£ft) station
from three separate experiments.
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Figure 20. Measured positive phase static impulse as a

function of time at the 24.4-m (80-ft) station
from three separate experiments.
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pressure, as a function of time at the 12.2-m (L-40 £t) station,
is shown for three different experiments. Figure 18 is a
similar comparison for the measured stagnation overpressure

at that range., Figure 19 is a comparison of the measured

static overpressure as a function of time at the 24.4-m (80-ft)
station from the same three experiments. Figure 20 is a plot
of the static impulse as a function of time at the 24.4-m
(80-ft) station, again for the same three experiments.

It is seen from the data plotted in Figures 17 through
20 that the degree of repeatability attainable with the U-tube
facility is well within acceptable limits.

5.2.2.2 Blast Wave Symmetry

Figures 21 through 23 are provicded to dermonstrate the
degree of symmetry attainable with the U-tube facility. 1In
Figure 21, the measured static overpressure, as a functibn of
time at the 12.2-m (40-ft) station, is plotted for the two
stations located 90° apart in a given experiment. Figure 22
provides a similar comparison taken from a different experiment.
In Figure 23, static impulse is plotted as a function of time
at the same range for two gauges located 90° apart.

It is seen from Figures 21 through 23 that the symmetry
attainable with the small-scale U-tube facility is well within

acceptable limits.

5.2.3 Single Nozzle Tests

The purpose of the single nozzle tests was to determine
if the method of disseminating fuel into hemispherical clouds
used in the small-scale test facility could be scaled up
to a size that would be practical for the large-scale
blast simulator. In the large-scale blast simulator, each
nozzle must attain a reach of 80 m (262 ft) in order
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Figure 21. Plot of measured static overpressure as
a function of time from a single experi-
ment. The gauges were both located at a
range of 12.2 m (40 ft) but were separatecd
by 90 degrees. The experimental data were
taken from Shot No. 1, 5 December 1977.
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Figure 22.
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Time (ms)

Plot of measured static overpressure as a
function of time taken from a single experi-
ment. Both gauges were located at a range
of 12.2 m (40 £t) but separated by 90
degrees. The comparison is similar to that
shown in Figure 21 except that the data

plotted are from Shot No. 1, 8 December 1977.
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Figure 23. Positive phase static impulse as a function

o e e e

of time from a single experiment. Both
gauges were located at a range of 12.2 m
(40 ft) but were separated by 90 degrees.
The experimental data were taken from Shot
No. 1, 8 December 1977.
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to form a cloud 160 m (524 ft) in diameter in order to simu-
late a 1-KT nuclear surface burst. Such a capability can be
investigated by using single nozzles and determining reach

as a function of driving pressure and nozzle diameter.

A series of single-nozzle reach experiments has been
performed for the purpose of determining the parameters required
to project fuel to heights that will be necessary in the full-
scale blast simulator. Figure 24 shows various stages of a
water stream being projected from a 6.35-cm (2.5-in) diameter
nozzle. The small upright near the base of the nozzle has
markers spaced two meters apart. The perpendicular distance
from the nozzle to the horizon is about 55 m (180 ft). The
height of the water stream shown in the last photograph of
Figure 24 is approximately 61 m (200 ft); however, the contrast
against the sky is not good enough for the top of the stream
to be seen in the figure. The width of the stream near the

top is approximately 5 m (16.4 ft).

The four photographs in Figure 25 show the progress
of a propylene oxide stream being projected from a 6.35-cm
(2.5-in) diameter nozzle. The final stream height is about
55 m (180 ft). Additional experiments are planned using nozzles
of larger diameter in order to obtain streams up to 80 m
(262 ft) in height.

The single-nozzle reach experiments performed to date
are described in Table II. The initial results have been
analyzed in an attempt to determine stream height or reach as
a function of nozzle diameter and exit velocity, which is
related to driving pressure. Results presented later indicate
that physical properties of the liquid being projected also
affect stream height; however, since only water and propylene
oxide have been projected thus far, it is not certain which
of the physical properties are important in determining stream

characteristics.
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Table II. Single Nozzle Reach Experiments
Nozzle Nozzle Exit
. Diameter Velocity
Experiment
Number Liquid (cm) (in) (m/s) (ft/s)
1 Hzo 3.81 1.5 50.5 165
2 Hzo 3.81 1.5 72.0 236
3 PO 3.81 1.5 51.5 169
4 PO 3.81 1.5 72.0 236
|
' 5 HZO 6.35 2.5 42.0 138
6 PO 6.35 2.5 44,5 146
48
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If it is assumed that the deceleration of a stream is
a result of gravitational forces and drag forces *that are
proportional to the square of the velocity, the eguation of

motion of a vertical stream can be written as
. . 2
v==-g - k(y) (1)

where y is vertical distance above the nozzle, g is acceleration

due to gravity and k is a drag coefficient., Equation (1) can

be solved for stream height to obtain

where o)

—
f
(o
[}
o}

!
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Qx|
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S———

and Yq is the initial velocity of the jet as it emerges from
the nozzle.

To determine how well Equation (1) models the stream
dynamics, the observed stream height from two different
experiments in which water was preojected from a 3.8l-cm (1.5-in)
diameter nozzle are plotted as a function of time in Figure 26,
along with the solution of this equation. The initial velocities
of the streams were different for the two experiments. It is
seen that at early times stream height is modeled well by the
equation of motion involving only gravitational forces ané
drag forces proportional to the sgquare of the velocity [Eguation
(1}]. However, as the initial velocity is increased, the stream
at some point in time decelerates much faster than predicted
by the model. A coefficient, k, equal to 8 x 107 m L, gives
the best agreement between experiment and theory for this

particular case of water being projected from this size nozzle.
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Figure 26. Comparison of stream height as a function of time

for two experiments involving the projection cf
water from a 3.80-cm (1.5-in) diameter nozzle
with Equation 1. The value of the coefficient
k used in Equation 1 was 8 x 10=° m~!.
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In Figure 27, stream height is plotted versus time for
two experiments involving the projection of propylene oxide
from the same diameter nozzle at two different initial velocities.
It is seen that the effect of increasing the initial velocity
seems to cause the increase in «oceleration to occur at an
earlier time. It is also noted from Figure 27 that increasing

the initial velocity does not significantly increase the reach.

In Figure 28, water and propylene oxide stream heights
are compared for the case of both fluids being projected from
the same 3.8l1-cm (1.5-in) diameter nozzle at initial velocities
of 72 m (236 ft) per second. It 1is seen that the water attained
a much greater Height and that the propylene oxide began to
decelerate faster than that predicted by the model at an
earlier time than did the water. This difference in the be-
havior of the water and propylene oxide streams projected at
identical initial velocities from equal diameter nozzles is
due to differences in physical properties such as mass density,
viscosity, surface tension and vapor pressure. Since only
two different fluids have been projected, the dependency of
stream height on any of these physical properties cannot be
determined here. It can be speculated, however, that the
propylene oxide stream decelerates at a greater rate and at
an earlier time than does the water stream as a result of
increased droplet breakup and stream spreading. Just how
droplet breakup and stream spreading are affected by liquid
physical properties under the dynamic conditions associated
with the high-velocity projection of fuel through a nozzle is
flot well known at this time.

Stream height is plotted versus time in Figure 29 for
the case of water being projected from a 6.35~-cm (2.5-in)
diameter nozzle. The change in nozzle diameter from 3.8l cm
to 6.35 cm required a change in the coefficient, k, of

Equation (1) from 8 x 1075 ™! to 1 x 10™ n™! in order to
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Figure 27.

Comparison of stream height as a function of time
for two experiments involving the projection of
propylene oxide from a 3.81-cm (1.5~in) diameter
nozzle with Eguation 1, The value of_the coeffi-
cient k used in Equation 1 was 8 x 10 °*m™:,.
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Comparison of water and propylene cxide stream
height from two experiments involving oprojection
from & 3.8l-cm (l.5-in) diameter nozzle at initial
velocities of 72 m/s (236 ft/s).
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Figure 29. Comparison of stream height as a function of time
for the case of water being projected from a 6.35-cm
(2.5-in) diameter nozzle with predictions from
Equation 1. The coefficient k used in Eguation 1
was 1 x 1073 m™! and the initial velocity was
42 m/s (138 ft/s).
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obtain the best theoretical-experimental fit, It is sinteresting
to note that this coefficient changes with nozzle diameter but

is not a function of the physical properties of the fluid being
projected. It should be mentioned here that the 3,8l-cm and
6.35-cm diameter nozzles emploved in the two experiments were

not similar, i.e., their length-tc-diameter ratios were different,
For this reason, no conclusions can be drawn at this time re-
garding the relstionship between the drag coefficient and

nozzle diameter.

Figure 30 is a plot of stream height versus time for
the case of propylene oxide being projected through a 6.35-cm
(2,5-in) diameter nozzle at an initial velocity of 44.5 m/s
(146 ft/s). Again, up to the point of rapid increase in
deceleration, it appears that the coefficient, k, is more
sensitive to changes in nozzle diameter than to changes in
fluid properties. The final stream height cof the propylene
oxide was about 54 m (177 ft), which is about 70 percent of
the height required for the full-scale blast simulator. 1In
order to obtain greater stream heights, it probably will be
necessary to use nozzles having diameters greater than 6.35 cm
(2.5 in).
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Figure 30. Comparison of stream height as a function of time
for the case of propylene oxide being projected
from a 6,35~cm (2.5-in) diameter nozzle with
predictions from Equation 1. The initial velocity
of the stream was 44.5 m/s (146 ft/s).
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VI. SCALING LAWS AND EQUIVALENCES

In order to scale the experimental FAE blast wave data
for comparison with 1-KT nuclear blast wave data, the governing
scaling laws as well as the fuel-air-explosive energy equiva-
lence of a given nuclear yield must be known. In scaling either
nuclear or FAE Lklast wave data to different yields, simple cube
root scaling holds, i.e., range, time ané impulse scale as the
cube root of the ratio of the yields. However, if it is re-
quired to scale blast wave data from a given yield of FAE for
comparison with blast wave data from a nuclear source of a
different yield, the equivalent FAE energy for representing
the nuclear yield must be known. In the current effort the

last wave data generated by an FAE cloud formed from 22.2 kg
(49 1bs.) of propylene oxide was to be scaled for comparison
with 1-KT nuclear blast wave data. To accomplish this it was
£irst necessary to determine the yvield of FAE eguivalent to a
1-KT nuclear yield. A fuel-air-explosive cloud fcrmed from
136,000 kg (300,000 lbs.) of propylene oxide has a theoretical
energy equivalent to 1 XT. Thus if the FAE-Nuclear energy
equivalence factor were unity, the scale factor would be 18.3
since that is the cube root of the ratio of 136,000 kg
{300,000 1lbs.) to 22.2 kg (49 lbs.). An analysis of the data
generated to date, however, has indicated that the FAE~Nuclear
energy equivalence factor is 0.67 rather than unity and that
the scale factor is 16 rather than 18.3. The procedure used
to determine both the FAE-nuclear energy equivalence factor
and the scale factor is outlined in the following paragraphs.

In order to establish the scale factor and the FAE~-
nuclear egquivalence factor, reference was made to the following

(1]

eguation from Brode which relates the positive phase static

impulse (psi-s) at a range, R (kft), to the yield, Y (MT):

1; = 1.83 (APs)l/z vH/3 (1.0 + 0.00335 ap ) 12 (2)
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where LPS, the peak static pressure, is given by

o (3

The positive phase impulse determined from measured FAE blast

1/2
AP_ = 3300 (

ﬁJK

wave data at various ranges and averagec over several experi-
ments allowed Eq. (2 ) to be solved for the yield, Y, which is
the equivalent nuclear energy vield required to generate the
measured blast wave data. The scale factor for scaling the
experimental data for comparison with 1-KT nuclear data is
therefore simply (l/Y)l/3. Table III tabulates the data used
to obtain the scale factor including the positive phase im-
pulses determined at five gauge locaticns, the values of Y

as determined by Eg. (2) at-each gauge location and finally
the values of (l/Y)J‘/3

scale factor over all five gauge locations was 15.84 which

at each gauge locaticn. The average

was rounded to 16.0.

Thus the nuclear/fuel-air-explosive eguivalence factor
and the scale factor used in the next section are 1.5 and 16
respectively.

This simply means that 9.08 x 10° kg (200,000 1b.) of
fuel rather than 1.36 X 10° kg (300,000 1b.) will be required
in the full scale simulator for simulating the blast wave
from a 1-KT nuclear event. In addition, range, time and
positive phase impulse associated with the small scale ex-~
perimental data involving 22.2 kg (49 lbs.) of dispersed
fuel must be scaled by a factor of 16 for comparison with
1-KT nuclear blast wave data.

Another type of scaling that must be understood before
a large-scale blast simulator can be constructed is related
to the dissemination process itself. More specifically, it
must be determined how cloud radius or stream reach and dis-

semination time scale with such parameters as nozzle diameter,
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nozzle length-to-diameter ratio, and driving pressure. Such
scaling laws remain to be determined; however, it can be noted
from the data presented in Section V that dissemination time
does not scale linearly with cloud diameter and that maximum
reach increases with nozzle diameters.
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VII. SCALED FAE-NUCLEAR BLAST WAVE DATA COMPARISON

The measured overpressure blast waveforms from several
of the FAF experiments were digitized and stored in the computer
for facilitating both scaling and plotting. Figures 31 through
38 are computer plots of scaled digitized data for several gauge
locations for FAE Shot No. 1, 1220 Tuesday, 18 October 1977.
Both the experimental ranges and time were scaled linearly,
using the previously determined scale factor of 16. As described
in Section VI, the scale factor was determined by fitting the
measured impulses at various ranges to a 1-KT nuclear impulse
versus range curve. Peak impulse rather than peak static
pressure was used for determining the scale factor, since the
measured peak static overpressures were, in general, low due
to finite gauge response times. The solid lines in the plots
(Figures 31 through 34) are the scaled experimental blast
waveforms and the dashed lines are nuclear blast wave data
from a 1-KT yield nuclear event., It is seen that agreement
between the scaled FAE data and the nuclear data is acceptable.

Figures 35 through 38 are plots of the positive phase
impulse. The data plotted in these figures are from the same
gauge locations as those used in the plots of pressure as a
function of time. Again, the scaled experimental FAE data
are represented by the solid lines and the 1-KT nuclear blast
data are represented by the dashed lines. It is seen that
agreement is good and in general within 20 percent. 1In
Appendices A through D a similar series of scaled overpressure
and positive phase impulse plots from four different tests

are presented.
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form. The scaling factor used was 16 and the
scaled range was 98 m (320 ft}. The experimental
data were taken fror Shot No. 1, 18 October 1977.
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Comparison of scaled measured positive phase impulse
with 1-KT nuclear data. The scale factor used was
16 and the scaled range was 98 m (320 ft). The
experimental data were taken freor Shot lUo. 1,

18 October 1977.
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VIII. FULL-SCALE SIMULATOR

It was shown in Section VI that the simulation of
airblast from a 1-KT nuclear device reguires a 160-m (524-ft)
diameter hemispherical FAE cloud formed from 91,000 kg
(200,000 1b) of propylene oxide. A full-scale FAE blast
simulator of the type investigated here will require dispersal
of that amount of fuel into a hemispherical cloud which can
be detonated at a point on the axis of symmetry near its
center., To be effective, the technicue for digpersing the
fuel should have the following characteristics:

® The dispersal of the entire mass of fuel

should be accomplished in a time of the

order of several seconds in order to minimize
disturbing effects of wind.

e The fuel must be distributed as uniformly as
possible throughout the hemispherical cloud
and form a detonable fuel-air mixture.

® The cloud shape, size and fuel distribution
must be accurately repeatable.

e The dispersal facility must be reusable.

e The dispersal technigque should be as simple
as possible.
The dispersal method proposed for the full-scale blast
simulator under investigation here is one that has all the
above-listed characteristics and, in addition, can be in-
corporated into a full-scale facility design at relatively

low cost.

8.1 DESCRIPTION OF DISPERSAL HARDWARE

The proposed method of dispersing the fuel into a
hemispherical cloud is illustrated in a general wav in
Figure 39. The fuel is dispersed from an array of dispensers,
perhaps 0.6 m (2.0 ft) in diameter and 18 m (60 ft) long,
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embedded vertically in the ground near the center of the
hemispherical cloud that is to be formed. The tops of the
dispensers are at ground level and are capped w.*+h heads con-
taining arrays of nozzles. Fuel is forced through the nozzles
at high velocity by pressure produced by a gas generator. The
arravs of nozzles in the dispensers heads are arranged so as
to produce a uniform distribution of fuel streams throughout

a hemispherical volume. The reach to which the fuel is pro-~
jected decreases continuously as the propellant pressure

in the dispenser decreases. Later in this discussion it will
be shown that, in principle, the decreasing pressure can be
tailored to produce a uniform distribution of fuel throuchout
the hemispherical volume. After the fuel is ccmpletely dis-
persed and allowed to mix with air, the resulting FAE cloud
will be detcnated by a high-explosive charge {(or multiple charges
to ensure reliability).mounted near the center of the hemis-
phere. Past experience has shown that the clouds can be
detonated wi*h 0,1-kg (0.2-1b) HE charges.

Figure 40 shows a conceptual design of an individual
dispenser. The dispenser actually consists of two concentric
pipes as shown, the inner pipe having a solid head and the
head of the outer pipe containing the nozzle array. The pipes
are filled with fuel to the appropriate level (it will be
shown later that the appropriate level may be about two-thirds
the length of the pipe). The solid propellant is located
in the volume of the inrer pipe between the top of the fuel
and the top of the pipe. Pressure produced upon ignition of
the propellant forces fuel down the inner pipe, up the annular
space between the inner and outer pipes and out the nozzles.
Only a few pounds of solid propellant are required to produce
the necessary 3.4-MPa (500-psi) pressure to expel the fuel
from the dispensers with sufficient velocity to fill a 160-m
(520-ft) diameter hemisphere.
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Figure 40, Conceptual design of a single dispenser assembly
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The fuel could initially be at the same level in both
the inrer and outer pipes, as shown in Figure 40, or if this
arrangement produces undesirable "wat2r hammer" effects when
the fuel first impacts the nozzle head, the inner pipe could
be pressurized (perhaps with nitrogen) to raise the top of
the fuel in the outer pipe to the lev2l of the nozzle head.
The nozzles will probably have smooth round holes of constant
diameter, with entrances rounded as shown in Figure 40. They
can be made as machined parts (much as fire hose nozzles) that
screw into threaded holes in the nozzle head. The nozzle
head on each of the dispensers will be oriented in the proper
direction and at the proper angle to direct the streams from
that particular dispenser into their appropriate wvolume
element of the hemisphere. Figure 41 shows two such head
arrangements, one for nozzles directed nearly vertically
and the other for nozzles directed nearly horizontally.

Other heads would have nozzles directed at other angles.

8.2 FUEL DISPERSAL TECHNIQUES

The dispersal method is based upon the properties of
ligquid streams that are produced by flow through nozzles of
the proposed design.  The available information on such
streams is largely from measurements that have been made on
the characteristics of streams from nozzles used on fire
hoses. A characteristic of such streams is that they remain
solid streams for about 80 percent of their total length,
after which they break up and disperse over a region much
larger than that of the solid stream. In measuring the
height of vertical fire hose streams, the height that is
measured is that of a "good stream,” which is defined as a
stream in which 90 percent of its volume falls within a
circle of 38.1 cm (15 in) diameter. In a "good stream,"

61 m (200 ft) in height, for example, at least 90 percent
of the water reaches a height of 61 m and breaks up and
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disperses within a short distance above this height. The
fact that most of the liquid is dispersed near the end of the
stream is, as discussed below, the basis for producing a
uniform distribution of the fuel throughout the hemispherical
cloud.

Data on the height of fire hose streams are Irom tests
by the Chicago Fire Department (2 on the height 0f streams
from smooth nozzles of the type proposed here. The height
measured was that for a "good stream" as previously defined,
The data on stream height versus nozzle pressure fo: 1 5.l-cm

(2.0-in) diameter nozzle are presented in Ficure 412,
The following egquation was found to be a gcod fit to

the data of Figure 42:

2.08 x 107> r%+72 (1)

v}
[

where

"

P nozzle pressure (MPa).

R

"

stream height (m).

Equation (1) indicates that a nozzle pressure of 3,12 MPa
(460 psi) is required to produce a stream height of 80 m
(262 ft) which is that of the hemispherical cloud in the FAE
blast simulator., These data are for the flow of water; the
flow of FAE fuel can be expected to be somewhat different
because of differences in viscosity (which affects flow
velocity) and in surface tension (which affects stream
breakup). However, data on the flow of water appears to be
the only data available and is fhe data upon which the
following discussion is based. Similar data for use in
designing the FAE blast simulator is currently being gener=~
ated for various FAE fuels. The equations governing the
flow of FAE fuels are expected to be of the same form as
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those for water. Therefore, the method for calculating dis-
persal that is presented below using eguations for water should

also apply to FAE fuels, but with different constants.

Streams that are directed at angles other than
vertical have a somewhat greater range than vertical streams,
thus recuiring that the amount of propellant in the dispensers
be adjusted so that the initial range of the streams will be

80 m (262 ft) at all angles from vertical to horizontal.

In the following, we develop an equation for the nozzle
pressure versus time that would be reguired to uniformly £ill
a hemispherical volume with fuel which is dispersed by
individual streams that break up at the ends of their range.
We then compare this eqguation with the pressure versus time
of the expanding propellant gases, assuming an isentropic
expansion for these gases, It will be seen that the pressure
versus time of the expanding propellant gases is a close
approximation to that required to uniformly disperse the fuel

throughout the hemispherical volume.

We assign to each fuel stream a solid angle which is
its "fair share” of the total sclid angle of the hemisphere.
In order to uniformly disperse the fuel throughout the cloud,
each fuel stream must uniformly disperse its fuel within a
prescribed solid angular region and out to the final radius
RO of the FAE cloud. The solid angle w, expressed in steradians,

assigned to each stream is given by

€
[}
2|y

where N is the number of fuel streams. The area, A, subtended
by w at a radius R is simply wRZ. In an ideal dispersal systen,
the fuel stream would uniformly spread over the area, A, at the
end of its range as the range decreased from R = Ro to R =20

as the propellant pressure decreased from P = Po to P = 0,
where.PO is the initial pressure of the propellant.
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The volume within the solid angle w swept throuch by

area A is given by

But since A is proportional to Rz, we have

du . _ R2 dr
dt R dt (2)
In the ideal dispersal system we want
« U (3)
Q= Fe

where Q is the fuel flow rate through the nozzle. The flow

rate is given by
Q==—F"vV (4)

where d is the nozzle diameter and v is the velocity of the
fluid through the nozzle. The velocity as determined from

Bernoulli's equation can be expressed as

1/2
= |2E '
- [2]

and substituted into Eguation (4) to obtain

1/2

Q = 1.11 a°%p (6)

since, for water, the density is 1 x lO3 kg/m3. If d is

expressed in m and pressure in MPa, the units associated with
the flow rate, Q, are m3/s.
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From Ecuatior (1), which is for “he case c? a 5.l-cr

(2.0~1in} diameter nozzle,

and
dR -0.632 dr
-— x D -
dt at
Substituting (3), (5), (6) and {7} intc (2) and solvinc for
dp .
I gives

-

p)
dP dhpo.396

- — X

[

Fquatior (8) <an be integrated to obtain

where t. is the total time to dispense the water.

Equation (9) thus gives the nozzle pressure as a

(7)

(8)

(9)

function of time that would be reguired to uniformly distri-

bute water throughout the solid angle assigned to each nozzle.

We are not likely to be so fortunate as to have the

pressure of the propellant gases decrease with time in agree-

ment with Equation (9). However, the pressure of the pro-

pwllant gases is likely to decrease according to

\]o Y
(p + PA) = (PO + PA) (V_>
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where

Vo = initial volume of propellant gases.
V = volume of propellant gases at time, t.
Py = atrmespheric pressure.

Equation (10) can be solved stepwise to determine P as a
function of t for various values of Vo anc¢ the results com-
pared with Eguation (9) to determine how closely the decrease
in propellant pressure can be expected to follow the desired
decrease. To do this, V is determined for each step in the

calculation from

2 p\1/2
v=v_+ E Qeat = v_ 4 1.11 d E (—) ot (11)
(@] O o]

(o] o

where the expression for Q is obtained from Eguation (4).
Curves of P versus t with Po = 3.12 MPa and Vo = 2 m3 as
determined from Equations (10) and (l11) are compared in
Figure 43. These calculations are for a 5.08-cm diameter
nozzle and vy = 1,27, a value that fits the expansion of HE

detonation gases.

The comparison in Figure 43 shows that for this par-
ticular case (i.e., for water and a 5.08~cm diameter nozzle),
the expansion of the propellant gases results in a pressure
versus time curve that is within 23 percent of that required
for uniform dispersal for pressures above 1 MPa. At pressures
below 1 MPa, the propellant gases produce a pressure higher
than required, resulting in streams longer than would be
required to fill the volume near the center of the hemisphere.
It is likely that this portion of the cloud would be filled
by the fuel that is stripped from the streams during their
passage through the air. 1If, however, this were not sufficient
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Equation 9
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Equation 10
(y~Law Gas)
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Time (s)

Figure 43.

o = e

Propellant pressure versus time curves
for a uniform dispersal of fuel into a
hemispherical cloud and for a v-law
gas (y = 1.27).
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to fill the inner volume of the cloud with fuel, additional
nozzles of small diameter could be used to £ill that volume.
Streams from nozzles of small diameter have a shorter range
at the same pressure than those from larger nozzles. The
curve in Figure 43 for a y-law gas is for a particular PO and
Vo. Alsc, vy = 1.27 may not be the approoriate value for
propellant gases; however, the shape of the P versus t curve
is not very sensitive to the value of y. It should also be
pointed out that the fact that the pressure of the propellant
gases does not approach zero at the end of the dispersing
orocess is beneficial since that would result in very large

droplets in=the wicinity of thernozzles.

As an example, using the above calculations for the
dispersal of 136,000 kg (300,000 1lbs) of proovlene oxide into
a hemispherical cloud 160 m (524 ft) in diameter with 0.051-m

(2-in.) diameter nozzles, we would have:
e Initial propellant pressure = 3.13 MPa (460 psi)
® Flow per nozzle = 68 L (18 gallons)
e Total number of nozzles required = 1,600
e Fraction of dispenser filled with fuel = 0.68
® Fuel per dispenser = 2702 L (714 gallons)
® Number of dispensers required = 40
e Size of dispenser (for example) = 0.6l m (2 ft)
diameter x 18.3 m (60 ft) long. (This is only an

example and should not be construed as a proposed
design.)

There are several variables at our disposal in deter-
mining the actual design for an FAE blast simulator. For
example, since the flow through a nozzle varies as the square
of the nozzle diameter, with 7.6~cm (3-in.) diameter nozzles,
only 764 nozzles would be required. The same number of
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dispensers would be required unless the dispensers were made
larger. However, the dimensions of the dispensers could be
varied, i.e., they could be made larger in diameter and
shorter. The size and number of nozzles will be determined
by how the fuel streams break up and disperse at the ends of
their range. This will be determined from measurements with
full-size nozzles. Other variables at our disposal are the
initial volume of the propellant gases relative to the volume
of fuel and the initial pressure of the propellant gases.

8.3 DISPENSER DESIGN CONSIDERATIONS

Once the initial pressure of the propellant is chosen,
the wall thickness of the dispensers is determined by their
diameter. As an example, for an initial pressure of 3.4 MPa
(500 psi) and a dispenser diameter of 0.61 m (24 in), the
required wall thickness would be less than 1.27 cm (0.5 in).
The dispensers would probably be emplaced in a concrete matrix.
Filling a dispenser with fuel could be through the top by
opening its head, or it could be with a system of underground
pipes from a central storage facility. Filling through the
tops of the dispensers from fuel trucks, much as jet airplanes
are fueled, seems to offer advantages in simplicity of design
and low cost of installation. Provision will also have to
be made for placement of propellant in the inner tubes of
the dispensers and for detonator leads to the propellant as
indicated in Figure 40.

The design of the nozzles will be critical to the
performance of the entire simulator. To minimize pressure
losses, the bore of the nozzles must be as smooth as possible
and the nozzle entrances must be well-rounded and also as
smooth as possible. With a well-rounded entrance, the entrance
loss in a 5.08-cm (2-in) nozzle should be less than 0.14 MPa
(20 psi). As noted earlier, the nozzles would be machined as
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separate units and screwed into threaded holes in the heads.
The length of the nozzles will have to be several times *their

bore diameter.

There is a potential problem concerning the flow of
the fuel in the annular channel between the inner and outer
pipes of the dispenser. Once the fuel has been expelled
from the inner pipe, the propellant gases will be forcing
the fuel up the channel between the pipes by applying pres-
sure to the bottom of the fuel in this channel. This is an
unstable situation and there may be a tendency for bubbles
of propellant cas to rise in the fuel. Because of the very
high flow velocity in this channel (several hundred £t/s).
it is deemed unlikely that such bubbles would actually form
in the fuel. However, if they do form they could probably
be eliminated by a series of vertical baffles extending
radially between the inner and outer pipe to form a series
of parallel narrow channels within the annular space between

the pipes. Such baffles are shown in the design of Figure 40.
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IX. CONCLUSIONSE AND RECOMMENDATIONS

It can be concluded that the small-scale U-~tube
facility can be used to disseminate hemispherical FAE clouds,
that the clouds can be detonated and that the scaled blast
waveforms are in good agreement with 1-KT nuclear waveforms
at the scaled ranges. It has also been demonstrated that
blast waves generated by the facility are symmetric and

repeatable.

Initial data from single nozzle reach experiments
indicate that cloud formation time does not scale linearly
with cloud diameter. Above a critical nozzle pressure,
propylene oxide stream heights are significantly less than
those for water. This indicates that nozzles of larger
diameter will be required to obtain the heights necessary
for the full-scale blas. simulator.

Table IV lists the remaining problem areas that must
be addressed before a full~scale blast simulator can be
designed, as well as proposed methods of solution. These
problem areas include alternate fuel detonability, fuel
property effects, single nozzle stream characteristics,
driving pressure requirements, contact surface effects,
dispenser design, safety requirements, and construction and

life-cycle costs.
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Table IV.

Recormendations for Further Invest:gat:ons

Remaining Problem Areas

Alternaze Fuel Tectcnabilicty

Hemispherical CTloud Detonat.cn
Studies

i Tuel Property Zffects
i - 7iscecsity

[ - ‘lJapor rFressure

; - Surface Tension

Single Nozzle Expe
Jsing ‘Yar:ous Tue

Single Nozzle Stream
Tharacteristics
- Total Heigh«

- 3reakaway Height

Tuel Distribution

- Fuel-Air Mixing

! Safety Reguirements
~ Test Procedures

- Fuel and Prorellant
Handling

dazards Analysis and Reguired
Tests

Construction and Life-Cycle
Costs

- Hardware Configuration
and Costs

- Fuel Costs

~ Test Setup Time
- Turn-Around Time

- Instrumentation

- Personnel Requirements

Cost Analysis

Oriving Pressure Reguirements
; -~ Maximum Pressure

| - Pressure History

Single lNczzle Ixperiments

Contact Surface Effects
- Density Discontinuities

- Effect on Close-In Gauge
Readings

Hemispherical Cloud Detonation
Studies

~ Drag Measurements

- Finely Resolved 1-D
Calculation

Dispenser Design Requirements

- Test Design Concept

- Dispenser Unit
Requirements

| - Nozzle Requirements

Dispenser Tests and Analysis
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APPENDIX A

COMPARISON OF SCALED EXPERIMENTAL FAE BLAST
WAVEFORMS AlND POSITIVE PHASE IMPULSES FOR
SHOT NO. 1, 0810 WEDNLSDAY, 12 OCTOBER 1977
WITH NUCLEAR DATA.

The five plots immediately following compare
the experimental pressure histories at dif-
ferent gauge locations (solid lines) with the
theoretical waveforms for nuclear surface
bursts given by Brode [1].

The plotted experimental pressures were ob-
tained by digitizing a pressure recording
similar to that shown in Figure 14 and
scaling the time and (implicitly) the range
by a factor of 16. The dashed lines indi-
cate the theoretical positive phase pressures
at the same scaled range for a 1-KT surface
blast. The annotation in the upper right
corner of each plot indicates the gauge
location; e.g., "L20" denotes the 20-foot
gauge on the "long" leg. The theoretical
arrival times are not indicated; rather, the
indicated arrival times for both curves are
that of the scaled experimental data.

The pressure curves were numerically inte-
grated over their positive phases to generate
the impulses shown on the remaining five
plots.

< p———




9810 WED 12 OCT 77

1

SHOT NC

, , | - A |‘ , ; _
-
]
!
}
f
|
— e e - - - - — - - — —— e ——— e e e e e ———— e - !
‘. |
c
z |
i |
i
T T R T D S A I J
3
- m
)
e e e e [N I ¥ FE . .
s % N !
RS h I
g <
MN .
)
b 3
i
FPSRGSSUGN NSO O U [SUUUD POV ORI SO | S ——
P ]
b .
i '
2 ] H
J
* 4
oc :
® !
o,
L]
B ! I meem e b 1-,..vFo\...\.ﬂ,\.,.|.. B bttty S W
0|4|U|M.|sus¢14.0 - w
FTyeAen0e2te " : <
va...:.s...;-::-nmwaum.«uuwﬂa-_ﬂ YtErr e nuﬂa:a::au:uaaaaa* - !
'
§
¥
) B ) ) i R )
! . iy " .

8 TR -1 ) RN 2 2

TR

S
4° g r

i




77

'

12 3C

0810 KED

]
1

SHOT NO

L=

PERY it 1

i |
!
!
1
]
.
- - S - . e e . i
i
" _
|
I
. . - (PP U U, e} A
o
ey
i
§
ST N 0 PR U e e e e e ) <
s ¥ PN
, .
J 3 F |
/ < \
\\
o W w '
/ «° o !
- .
vo
L4
»
= - - T STt Tm s T T TTEeT e \.-I“" R TTot T T TS \.IH —
[ 307
(3.4 s \
r‘:w\.: “ 1
»° b
———r 3
I AP OPTTYY T
S S~ l.ap.a..a.;o... senos® .
IR AFOPPYTY FX 12 224 e ssssasassfecnssncnnsensssssnsfasnnesssrsssnssnras .
I I : S ISR (SRR | (RIS PN t
¢ r
< t
|
!
)
o €y o) - ~ u.
LAY t - > .-

LN
[OF TP N T i Y]




)

.-
e,

0810 WED 12 OCT 77

os 99
-u‘.js.‘omh\llla\\\
PYY XY LSSl

S AAAA S Y JR,
.-‘c\-.‘ A ere0erssnscatssossdrssssNTEIITSITVSNSRODInvoousrveesnesescnrP

SHOT NQ 1

VR TS TR

EXN P

EOLAN $20.9

3Jon. 19

0.
ICAED TIME )

100,
g e

—— -

- .




12 0CT 77

0810 W

1

SHOT NQ

\\ ry
M
SO ]\ﬂ.»o; — ——ee s
\..001
-
Ry N ouu-m.
- oo

L)
uﬂb. ¢

LA

~=a,

M%)

3209.)
s

[ caos .
0f8 i saenradesssrnoncrannencessederscorsnesrsrssiriBITnG tmmi—_

kY s &

CLRD BN

SCALED

S0

N Tb

-



AD=A086 219 SYSTEMS SCIENCE AND SOFTWARE LA JOLLA CA

UNCLASSIFLED SSS-R-TO-D

FEASXB!LITY INVESTIGATION OF A PERMANENT
AU 7! SEDSWICK: H B KRATZ, R . DCIR DNAOOL~

F/78 1872

FUEL=AIR !XPLOS V! BLA==ETC(U}

-0281
NL

poep
/’\‘c‘},w




0810 WED 12 OCT 77

SHOT NO 1

w20

S

S T
(

P B I S

e B \

_ < -
R
<P
'.\MN\\..\
—
e ——
.
2 lreresrvereverere ey Prees
v 3 3 b 2
L]

7AD PNSEPY

pD)

* 0
-

00.0 00.9 900.0 190C. 9 1100.9

LDLND

SCALED TIME M%)

T T T e T gy oa o e Aman -

4

- .

ey




0810 WED 12 OCT 77

SHOT NO 1

- e R R S PO - . ‘
L) . —
L) “
* h .
S P i
Ll
s .
H ]
H i
“ !
: |
.
.
S U LT (SRS )-IUOR PRSI SR
“ .
‘ o
M n
*
.
M
.
M
L4
.
*
¢
.
[ DO SUNP — | SRR K
¢ .
¢ fad
. D
* -t
*
.
H
L]
v
¢
L4
.
H
H -
<
e e ———— PR, —_— e el [ttt B H ®
. 2 N
> (<] ¥ 1
. " = -
M (=
-
.
.
.
u M
- s
L3
e e e e e L —_—— .
&
~
s R
o\ \
. v
. o f
e '
L]
090 \ v
Tl Tl e - ) Sttt I
e T -
Loy
ey,
w—
[
- ——e = SR _ R [ i e e h

-~

0.30
]

I
n

=0.
[«

[SNFEAYY RN Ol 13 1 W




0810 WED 12 OCT 77

SHOT NO !

SCALED 332

{

-~ ‘l..nl.ll|[‘l|..l)41. - M —

.

.

¢

.

.

.

°

.
L .- - - - [ R -

*

.

*

®

.

o

o

- .‘ .
L]
// o o,
()
- %o
,f.{fflfllclm.”mhb-
v
’.’IQ
ﬁ. PO ves

3 3 S R 3 8
3é ™ < '™ N
1 - -

(SH-YAI) IS N

301,

§00. ¢

BLLID

200.9

130.9

SCALED TIME M3,

T W e e v v nycas e

Riiact VI




0810 WED 12 OCT 77

SHOT NO 1

v
!

' .
9046040889800 08 3!

|
|
|
. ¢M{(moﬁonu...'.c
|
t
I
!
i
!

L

A
AL TN 2N

.uuddddﬁdid

<
e

2.3¢
[ala]
.8

SUHE R AS TN

S0

<0000

SCALED TIME (MS)

290.9

109.?




SCAED a9

0310 WED 12 QCT 77

SHOT NG 1

G- ISNSN

e e i e g i
.
o
.
.
*
’
*
*
*
.
°
¢
L3
.
b3
_ P- Q.
.
.
.
I3
[
.
I3
.
*
*
»
m
.
. e ———
/ .
*
/ Y
3
.
L)
*
(=} b= 4
b L5
o +

.30
a0l

790.2

490.9

Q0. Q
A-~10

SCALED TIME (mMS)

<65¢.0

I




0810 WED 12 OCT 77

SHOT NQ 1

SCALED 30

f ——— —————— e —

“.‘.l..“l"“.“.“l‘.I".L.“‘..I‘.Q"“‘J

RPN PSS e e e b i e Ve s e e ]
2 o

3 s 3 a e 8
te ‘o + " - :

SU-YAD AsTNEN

[*]

1105,

1060.9

790.9

§90.0

SCALED TIME (M)

A-11

———

-~
v

By |



Bt SRV

APPENDIX B

COMPARISON OF SCALED EXPERIMENTAL FAE BLAST
WAVEFORMS AND POSITIVE PHASE IMPULSES FOR
SHOT NO. 1, 0800 THURSDAY, 13 OCTOBER 1977
WITH NUCLEAR DATA.

These plots are similar to those of Appendix A.
See that appendix for a description.
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APPENDIX C

COMPARISON OF SCALED EXPERIMENTAL FAE BLAST
WAVEFORMS AND POSITIVE PHASE IMPULSES FOR
SHOT NO. 1, 1220 TUESDAY, 18 OCTOBER 1977
WITH NUCLEAR DATA.

These plots are similar to those of Appendix A.
See that appendix for a description.
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APPENDIX D

COMPARISON OF SCALED EXPERIMENTAL FAE BLAST
WAVEFORMS AND POSITIVE PHASE IMPULSES FOR
SHOT NO. 2, 1120 THURSDAY, 8 DECEMBER 1977
WITH NUCLEAR DATA.

These plots are similar to those of Appendix A,
See that appendix for a description.
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